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Supplementary Figures 
 
 
 
 
Supplementary Figure 1. Box-whisker plots of mean depth of whole genome sequences (WGS) 
and mitochondrial genome sequences (mtDNA) from 11,035 trios. The middle “box” represents 
the median, lower and upper quartile of the data. The upper and lower whiskers represent the data 
outside the middle 50%. The dots represent the data outside 25% - 75% of the data. Circles are the 
depth of 7 families where father and offspring carrying the mixed haplotypes (Supplementary 
Table 5).  
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Supplementary Figure 2 MtDNA mixed haplotype patterns observed in 6 families. See Fig. 2a 
in the main text for details. 
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Supplementary Figure 3. IGV screenshots of the aligned reads corresponding to NUMTs on 
the nuclear DNA in family 2 (left) and family 6 (right). Teal bars indicate the aligned reads 
which mapped to the nuclear DNA where their mates mapped to the mtDNA. The genome position, 
repeats and segmental duplications tracks from UCSC genome browser are shown at the bottom. 
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Supplementary Figure 4 Mapping NUMTs in 5 families. Within each family (Top) IGV 
screenshots show aligned reads corresponding to NUMTs. Top left: The alignment of the discordant 
and split reads corresponding to NUMTs on the nuclear DNA. Top right: The alignment of all 
aligned reads corresponding to NUMTs on the nuclear DNA. Teal bars indicate the aligned reads 
which mapped to the nuclear DNA where their mates mapped to the mtDNA. The genome position, 
repeats and segmental duplications tracks from UCSC genome browser are shown at the bottom. 
(Bottom) Circos plots show the detected variants and NUMTs. Circles from the outside to the 
inside indicate the following: (1) position of a variant on the mtDNA; (2) regions corresponding to 
the different mtDNA genes; (3) variants identified in the mother where the radial axis corresponds 
to the allele fraction (AF); (4) variants identified in the father; (5) variants identified in the 
offspring, proband (left) and sibling (right) in family 4 are shown, respectively; (6) NUMTs 
observed in the family, proband (left) and sibling (right) in family 4 are shown, respectively.  
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Supplementary Figure 5. Mixed haplotype patterns and circos plots showing the variants and 
NUMTs observed in family 5, family 7 and one mother-offspring pair. (a) Mixed haplotype 
patterns observed in family 5, family 7 and one mother-offspring pair. (b) Circos plots show the 
detected variants and NUMTs in family 5, family 7 and one mother-offspring pair. Circles from the 
outside to the inside indicate the following: (1) position of a variant on the mtDNA; (2) regions 
corresponding to the different mtDNA genes; (3) variants identified in the mother where the radial 
axis corresponds to the AF; (4) variants identified in the father; (5) variants identified in the 
offspring; (6) NUMTs observed in the family. 
  19 
 
            
  20 
Supplementary Figure 6. Variants and NUMTs observed in family 8 with father and proband 
carrying the mixed haplotype (haplotype fraction < 5%).  (a) IGV screenshots show aligned 
reads corresponding to NUMTs. Teal bars indicate the aligned reads which mapped to the nuclear 
DNA where their mates mapped to the mtDNA. (b) Circos plots shows the detected variants and 
NUMTs in each family. Circles from the outside to the inside indicate the following: (1) position of 
a variant on the mtDNA; (2) regions corresponding to the different mtDNA genes; (3) variants 
identified in the mother where the radial axis corresponds to the AF; (4) variants identified in the 
father; (5) variants identified in the offspring; (6) NUMTs observed in the family. (c) Split reads 
align to both nuclear DNA and mtDNA-derived sequences (top). Discordant reads are paired reads 
where one end aligns to mtDNA-derived and the other end aligns to nuclear DNA (middle). 
Possible constructed concatemer is shown at the bottom with observed supporting split reads. The 
positions of breakpoints (bp) are shown on both nuclear DNA (top) and mtDNA (bottom). 
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Supplementary Figure 7 Variants and NUMTs observed in 6 fathers carrying non-
transmitted mega-NUMTs.  (a) IGV screenshots show aligned reads corresponding to NUMTs. 
Teal bars indicate the aligned reads which mapped to the nuclear DNA where their mates mapped 
to the mtDNA. (b) Circos plots shows the detected variants and NUMTs in each family. Circles 
from the outside to the inside indicate the following: (1) position of a variant on the mtDNA; (2) 
regions corresponding to the different mtDNA genes; (3) variants identified in the mother where the 
radial axis corresponds to the AF; (4) variants identified in the father; (5) variants identified in the 
offspring; (6) NUMTs observed in the family. (c) Split reads align to both mtDNA-derived and 
nuclear DNA sequences (top). Discordant reads are paired reads where one end aligns to mtDNA-
derived and the other end aligns to nuclear DNA (middle). Possible constructed concatemer is 
shown at the bottom with observed supporting split reads. The positions of breakpoints (bp) are 
shown on both nuclear DNA (top) and mtDNA (bottom). 
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Supplementary Figure 8 Defining mega-NUMTs in 5 families. Within each family, split reads 
align to both nuclear DNA and mtDNA-derived sequences (top). Discordant reads are paired reads 
where one end aligns to mtDNA-derived and the other end aligns to nuclear DNA (middle). 
Possible constructed concatemer is shown at the bottom with observed supporting split reads. The 
positions of breakpoints (bp) are shown on both nuclear DNA (top) and mtDNA (bottom). (Bottom) 
Left: IGV screenshots show the alignment of the discordant and split reads corresponding to the 
mega-NUMTs on the mtDNA-derived sequence. The chromosomes on which their mates are found 
are shown in different colors. Right: IGV screenshots show the alignment of split reads aligned to 
mtDNA only. The reads are colored by pair orientation. Many read pairs with anomalous pair 
orientations in the fathers and probands support the mtDNA-derived rearrangement. In family 4, 
proband also inherited another mega-NUMT from the mother. Both mother and proband carried the 
same mtDNA-derived junctions. The mtDNA genome position track from UCSC genome browser 
is shown at the bottom. 
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Supplementary Figure 9. Number of extreme heterozygous variants. Father, mother and 
offspring from 7 families carrying mixed haplotypes are shown in different colors. The numbers of 
extreme heterozygous variants from the remaining individuals in the whole dataset are shown at the 
bottom in grey circles. The distributions of number of extreme heterozygous variants from mother, 
father, offspring in 7 families and the whole dataset are shown in the middle.  
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Supplementary Figure 10 Distribution of mitochondrial haplogroups between each father-
mother pair. The left pie chart shows the father-mother pairs with fewer than 14 variants which are 
only present in the fathers. The right pie chart shows the father-mother pairs with at least 14 
variants which are only present in the fathers.   
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Supplementary Figure 11 Distribution of number of heteroplasmic variants (AFs>1%) per 
mtDNA sequence. All 14 fathers carrying mega-NUMTs harbored more than 23 heteroplasmic 
variants.  
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Supplementary Tables 
       
Supplementary Table 1. Summary of non-transmitted mega-NUMTs in 6 fathers.  
FatherID Junction1 (hg38) Junction2 (hg38) Father Nuclear mtDNA Nuclear  mtDNA DCRs SPRs mtJunctions 
Family9 chr6:124135738 10681(+) chr6:124135738 14043(+) 31 12 3 
Family10 chr12:852903xx 93xx chr12:85290378 299(+) 24 7 1 
Family11 chr3:176498967 3530(+) chr3:176501665 1831(+) 37 6 1 
Family12 chr13:25791539 2736(+) chr13:25791547 13758(+) 22 5 1 
Family13 chr8:120057826 13715(+) chr8:120057823 16569(+) 32 9 8 
Family14 chr2:181642319 16518(-) chr2:181642320 6554(-) 37 8 1 
       
            DCRs = discordant reads; SPRs = split reads.
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Supplementary Table 2. Summary of breakpoints within mtDNA-derived fragments. 
Family ID No. of breakpoints within mtDNA-derived fragments father proband sibling mother 
Family1 1 1 NA 0 
Family2 8 9 9 0 
Family3 32 32 NA 0 
Family4 0 4 0 4 
Family5 3 2 NA 0 
Family6 1 1 1 0 
Family7 3 3 NA 0 
Family8 1 1 NA 0 
Family9 3 0 NA 0 
Family10 1 0 NA 0 
Family11 1 0 NA 0 
Family12 1 0 NA 0 
Family13 8 0 NA 0 
Family14 1 0 NA 0 
NA: samples are not available
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Supplementary Table 3. Validation of NUMTs observed in short-read sequencing by long-read (Oxford Nanopore PromethION) 
sequencing. 
NUMTs 
ID 
Junction1 (GRCh37) Junction2 (GRCh37) Length 
(bp) 
Individual IDs* 
Nuclear mtDNA Nuclear  mtDNA 1 2 3 4 5 
1 2:33892482 15022(-) 2:33892479 14776(-) 246   Y  Y 
2 2:212977624 10368(-) 2:212977626 9187(-) 1181    Y  
3 4:29441247 12997(-) 4:29441248 12834(-) 163 Y Y  Y  
4 4:190598242 12360(+) - 13227(+) 867 Y Y    
5 5:32338583 14803-14977(+) 5:32338584 12864-12714 (-) 324 Y  Y  Y 
6 8:63015431 8553(-) 8:63015423 7083(-) 1470  Y Y Y Y 
7 8:82385249 15834(+) 8:82385262 3108(+) 3843     Y 
8 9:129775 6420(-) 9:129767 6224(-) 196 Y Y Y   
9 11:49883569 61(-) 11:49883572 16088(-) 542 Y Y  Y Y 
* if Y in the cell, NUMT (each row represents a unique NUMT) is observed in an individual (sample IDs are listed in the last 5 
columns).  
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Supplementary Table 4 Estimated number of copies of the mtDNA-derived fragment (No) 
within the NUMT in 7 families. 
 
Family1 Famliy2 Family3 Family4 
father proband father proband sibling father proband father proband sibling 
POS No POS No POS No POS No POS No POS No POS No POS No POS No POS No 
73 2 189 3 146 9 146 8 146 9 73 3 73 3 152 19 143 21 152 19 
150 3 195 3 199 9 827 7 827 8 489 5 489 6 199 19 152 20 199 19 
152 3 204 3 489 5 4820 7 4820 9 2706 5 750 8 489 11 373 12 489 11 
271 3 207 4 827 8 5465 10 5465 11 3736 6 1438 8 3780 12 1598 14 3780 12 
295 2 489 2 3606 8 6719 11 6719 12 3745 6 2706 7 6366 12 3864 14 6366 12 
489 2 1243 3 4071 10 7521 8 7521 10 4823 6 3736 7 8450 16 4062 15 8450 16 
709 2 2483 3 4820 10 8392 11 8392 11 5786 6 3745 7 8594 15 4225 16 8594 15 
2706 3 3398 3 4850 11 9101 9 9101 10 6956 6 4080 7 8701 18 5836 19 8701 18 
11719 3 3505 3 5442 12 9123 10 9123 11 7028 5 4754 8 9452 9 7490 16 9452 9 
12612 3 5046 4 6455 11 10238 8 10238 9 7621 7 4769 8 9540 14 8584 14 9540 14 
13708 2 5460 3 7521 9 11239 8 11239 9 8251 4 4823 7 10398 14 8594 14 10398 14 
14766 3 8994 3 8701 11 11914 8 11914 9 8701 6 5786 8 10400 14 8805 14 10400 14 
15452 2 11674 3 9101 9 12239 8 12239 10 9058 7 6956 6 10754 13 9174 13 10754 13 
16069 2 11947 3 9540 11 13590 8 13590 10 9355 6 7028 5 10873 16 9181 13 10873 16 
16126 3 12414 4 9824 11 14221 9 14221 10 9540 7 8251 6 11293 14 9452 8 11293 14 
16278 3 12705 3 10398 10 14587 7 14587 10 10398 7 8701 8 11732 18 10631 15 11732 18 
16356 4 15884 4 10400 10 15326 8 15326 9 10400 7 9180 8 13635 16 10754 12 13635 16 
16519 1 16223 4 10873 9 15535 7 15535 8 10873 5 9540 6 13971 13 11009 10 13971 13 
  16292 4 11239 8 15746 10 15746 12 11719 4 10398 8 14040 13 11293 13 14040 13 
    11665 9 16136 7 16136 7 12705 7 10400 8 14544 13 12406 16 14544 13 
    11914 9 16172 4 16172 5 13145 4 10873 7 14783 13 13236 19 14783 13 
    12091 10 16175 4 16175 4 14061 6 11719 6 14990 13 13635 18 14990 13 
    12705 12 16218 5 16218 4 14766 6 12705 9 15043 15 13971 10 15043 15 
    13590 9 16261 8 16261 8 14783 6 13145 7 15301 13 14040 15 15301 13 
    14587 8     15043 7 14061 6 15385 12 14194 17 15385 12 
    14783 9     15119 6 14766 7 15900 15 14305 17 15900 15 
    15043 10     15301 7 14783 7 16093 28 14544 16 16093 28 
    15236 8     15622 7 15043 7 16129 15 14577 18 16129 15 
    15301 9     15777 5 15119 7 16223 17 14990 11 16223 17 
    15535 6     16223 7 15301 6 16225 17 15385 15 16225 17 
    16136 7     16362 8 15622 8 16234 18 15777 20 16234 18 
    16223 6     16519 3 16223 9 16266 16 16266 19 16266 16 
    16295 9       16235 10 16304 16 16298 19 16304 16 
    16324 9       16291 8 16325 17 16299 19 16325 17 
    16362 9       16311 8 16356 19 16304 20 16356 19 
            16362 7 16392 21 16311 8 16392 21 
                16325 12   
                16356 19   
                16456 6   
                16524 4   
 
 
 
 
41 
Family5 Famliy6 Family7  
father proband father proband sibling father proband    
POS No POS No POS No POS No POS No POS No POS No       
73 5 152 10 143 23 73 11 73 10 73 5 73 5       
152 11 709 7 152 22 152 18 152 19 150 12 152 10       
195 10 930 7 195 22 195 15 195 19 1811 8 325 5       
372 4 3290 7 227 23 961 19 961 17 2294 8 497 6       
3197 8 7891 7 337 14 2706 17 2706 17 3010 8 1189 7       
3290 8 10321 7 447 17 3145 17 3145 16 3290 8 1811 7       
9263 7 10463 8 489 15 7028 18 7028 17 3388 9 3290 8       
9477 7 11719 7 1780 21 8448 16 8448 19 4703 9 3480 8       
11467 9 13692 6 6647 19 8594 16 8594 17 6518 11 6260 9       
11719 9 14233 8 7337 19 9452 14 9452 12 7521 9 9055 10       
12308 9 14766 7 8212 18 10754 18 10754 14 9380 9 9698 10       
12372 10 14905 7 8502 20 11293 16 11293 13 9698 9 10029 10       
13617 8 15452 7 8567 18 11719 16 11719 13 10506 10 10398 10       
13827 7 15607 7 8594 20 13635 17 13635 15 11467 9 10550 10       
13928 8 15928 7 8701 20 13759 15 13759 16 11719 10 11299 9       
14766 9 16126 9 9452 13 13971 15 13971 14 12308 11 11467 10       
14793 8 16291 10 9540 19 14040 16 14040 14 12372 12 11485 10       
16114 10 16294 10 9899 16 14544 18 14544 15 13934 9 11719 10       
16256 11 16296 10 10398 19 14587 18 14587 15 14139 9 11840 9       
16270 11 16304 9 10400 20 14766 16 14766 17 14766 9 12308 10       
16294 11 16357 8 10754 20 14990 16 14990 16 15454 7 12372 10       
16350 11 16497 6 10873 18 15385 15 15385 14 16343 11 13740 8       
16357 10 16519 4 11083 18 16092 18 16092 18 16357 10 14167 10       
16497 6   11293 16 16140 17 16140 18 16390 11 14766 9       
16526 4   11518 19 16266 19 16266 17 16497 6 14798 9       
    12705 17 16293 19 16293 18 16519 4 16224 11       
    13254 20 16304 21 16304 18   16311 10       
    13281 20 16311 19 16311 18   16357 8       
    13635 18 16325 18 16325 17   16497 7       
    13708 17 16356 17 16356 17   16519 5       
    13971 18               
    14040 17               
    14544 18               
    14783 19               
    14861 18               
    14990 16               
    15043 17               
    15253 17               
    15301 16               
    15385 15               
    15670 20               
    16129 17               
    16223 21               
    16266 19               
    16274 21               
    16294 22               
    16304 20               
    16319 22               
    16320 21               
    16325 20               
    16356 20               
    16362 21               
    16518 12               
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Supplementary Table 5. Sequencing depth of 7 families where father and offspring carrying the 
mixed haplotypes. 
 
Group relatedness mean mtDNA depth (x) mean WGS depth (x) 
Family1 father 711 39 
Family1 proband 1106 48 
Family1 mother 717 38 
Family2 father 1702 35 
Family2 proband 2474 39 
Family2 sibling 4086 52 
Family2 mother 1357 37 
Family3 father 1368 43 
Family3 proband 2235 44 
Family3 mother 1966 39 
Family4 father 991 38 
Family4 proband 1308 36 
Family4 sibling 1022 42 
Family4 mother 1312 38 
Family5 father 1627 35 
Family5 proband 2397 35 
Family5 mother 1092 35 
Family6 father 1046 42 
Family6 proband 1315 43 
Family6 sibling 1041 42 
Family6 mother 1091 43 
Family7 father 2389 40 
Family7 proband 2609 40 
Family7 mother 2436 42 
